Mutations in SIMPLE cause an autosomal dominant, demyelinating form of peripheral neuropathy termed Charcot-Marie-Tooth disease type 1C (CMT1C), but the pathogenic mechanisms of these mutations remain unknown. Here, we report that SIMPLE is an early endosomal membrane protein that is highly expressed in the peripheral nerves and Schwann cells. Our analysis has identified a transmembrane domain (TMD) embedded within the cysteine-rich (C-rich) region that anchors SIMPLE to the membrane, and suggests that SIMPLE is a post-translationally inserted, C-tail-anchored membrane protein. We found that CMT1C-linked pathogenic mutations are clustered within or around the TMD of SIMPLE and that these mutations cause mislocalization of SIMPLE from the early endosome membrane to the cytosol. The CMT1C-associated SIMPLE mutant proteins are unstable and prone to aggregation, and they are selectively degraded by both the proteasome and aggresome-autophagy pathways. Our findings suggest that SIMPLE mutations cause CMT1C peripheral neuropathy by a combination of loss-of-function and toxic gain-of-function mechanisms, and highlight the importance of both the proteasome and autophagy pathways in the clearance of CMT1C-associated mutant SIMPLE proteins.
Introduction
Charcot-Marie-Tooth disease (CMT) is the most prevalent inherited peripheral neuropathy, characterized by progressive motor weakness, sensory loss and muscle wasting (Patzko and Shy, 2011) . CMT is divided into two types, the demyelinating type, which includes the majority of CMT cases (80%) and the axonal degeneration type, which is less common (20%). The primary defect of demyelinating CMT is the inability for Schwann cells to properly myelinate peripheral axons, which manifests as slowed conduction velocities at the peripheral nerves and secondary degeneration of axons (Patzko and Shy, 2011) . Examination of the peripheral nerves from patients and rodent models implicate abnormal targeting and accumulation of myelin proteins as potential contributing factors to demyelinating CMT (Nishimura et al., 1996; Naef and Suter, 1999; Notterpek et al., 1999; Tobler et al., 1999; Fortun et al., 2003) . However, the pathogenic mechanisms underlying demyelinating CMT remain largely unknown.
Genetic studies have identified eight missense mutations in small integral membrane protein of lysosome/late endosome (SIMPLE) that cause autosomal dominant, demyelinating CMT type 1C (CMT1C) (Street et al., 2003; Bennett et al., 2004; Saifi et al., 2005; Latour et al., 2006; Gerding et al., 2009) . SIMPLE, also known as lipopolysaccharide-induced TNF-a factor (LITAF), is a 161 amino acid protein that has been implicated in cytokine signaling (Moriwaki et al., 2001; Bolcato-Bellemin et al., 2004) and tumor suppression (Mestre-Escorihuela et al., 2007; Wang et al., 2009) , but its precise cellular function remains elusive. Northern blot analyses showed a ubiquitous expression pattern of SIMPLE mRNA in multiple tissues (Moriwaki et al., 2001; Street et al., 2003) , therefore it is puzzling as to how mutations in SIMPLE can cause a demyelinating neuropathy phenotype that specifically affects the peripheral nervous system. The subcellular distribution of endogenous SIMPLE is unknown, although a subpopulation was suggested to associate with the late endosome and lysosome (Moriwaki et al., 2001) . Sequence analysis revealed a cysteine-rich (C-rich) domain at the C-terminus of SIMPLE (Moriwaki et al., 2001) . Although this C-rich domain was proposed to be a putative RING finger domain that may have E3 ubiquitin-protein ligase activity (Moriwaki et al., 2001; Saifi et al., 2005) , the function of this domain remains to be defined. Interestingly, CMT1C-associated SIMPLE mutations are all clustered within the C-rich domain. The pathogenic effects of the disease-linked SIMPLE mutations have not yet been examined.
In this study, we undertook the characterization of the tissue distribution, subcellular localization, and membrane association of endogenous SIMPLE protein and investigated the effects of CMT1C-associated mutations on SIMPLE protein stability, localization, aggregation and degradation. Our results reveal that SIMPLE is an early endosome membrane protein enriched in the peripheral nerves and Schwann cells, and indicate that CMT1C-associated mutations not only disrupt the endosome membrane association of SIMPLE, but also promote SIMPLE protein aggregation and degradation by both the proteasome and aggresome-autophagy pathways. Our findings provide new insights into the pathogenic mechanisms of CMT1C-associated SIMPLE mutations and have important implications for understanding and treating peripheral neuropathy.
Results

SIMPLE protein is highly expressed in peripheral nerves and Schwann cells
To study endogenous SIMPLE protein, we generated and characterized a rabbit polyclonal anti-SIMPLE antibody (supplementary material Fig. S1 ). Immunoblot analysis showed that our anti-SIMPLE antibody specifically recognized endogenous SIMPLE protein in HeLa and HEK293 cells at the expected size of 18 kDa (supplementary material Fig. S1A ), as well as a recombinant SIMPLE protein (supplementary material Fig. S1B ). The specificity of our anti-SIMPLE antibody was confirmed by selective loss of the SIMPLE-immunoreactive band upon depletion of endogenous SIMPLE protein in HeLa cells with a SIMPLEspecific short hairpin RNA (shRNA) (supplementary material Fig. S1C ). Moreover, we showed that the anti-SIMPLE antibody is able to recognize both recombinant and endogenous SIMPLE proteins by immunostaining (supplementary material Fig. S1D ,E) and confirmed its specificity by using the SIMPLE shRNAs in immunostaining experiments (supplementary material Fig. S1E ).
We then used the anti-SIMPLE antibody to examine the expression of SIMPLE protein in multiple mouse tissues and in sciatic nerves by immunoblot analysis. The result showed that the 18 kDa SIMPLE protein is widely expressed in many tissues, although at different abundance ( Fig. 1A) . We observed a second SIMPLE protein band at ,19 kDa in liver and kidney ( Fig. 1A) . Although its identity remains to be determined, this upper band might represent a phosphorylated form of SIMPLE protein because there are several predicted phosphorylation sites in the SIMPLE sequence (Moriwaki et al., 2001) . In liver and intestine, there was an additional SIMPLE protein band at ,17 kDa ( Fig. 1A) , which might represent a degradation product because its relative intensity compared with the 18 kDa band varied from preparation to preparation. We found that SIMPLE protein was highly enriched in the sciatic nerves compared with the brain and muscle (Fig. 1A ). Furthermore, our immunoblot analysis showed that SIMPLE protein expression in Schwann cells was substantially higher than its expression in primary cortical neurons ( Fig. 1B) . Immunostaining analysis revealed that SIMPLE was highly expressed in a punctate pattern throughout the cytoplasm of primary Schwann cells that are positive for the Schwann-cell-specific marker S-100 (Scarpini et al., 1986) (Fig. 1C ). By contrast, SIMPLE expression was much lower in S-100-negative primary fibroblasts (data not shown). Together, our results indicate that SIMPLE protein is highly expressed in peripheral nerves and Schwann cells.
SIMPLE is a C-tail-anchored integral membrane protein SIMPLE contains an evolutionarily conserved C-rich domain near its C-terminus, which was proposed to be a putative RING finger domain with E3 ligase activity (Moriwaki et al., 2001; Saifi et al., 2005) . However, unlike the typical RING finger domain, which usually consists of either six cysteines and two histidines (C3H2C3) or seven cysteines and one histidine (C3HC4), the Crich domain of SIMPLE possesses ten cysteines with no histidine ( Fig. 2A,B ). Eight of the ten cysteine residues in the SIMPLE Crich domain align well with those of the zinc finger domains that have no E3 ligase activity ( Fig. 2A ). Moreover, our sequence analyses using multiple prediction programs (Hirokawa et al., 1998; Tusnady and Simon, 2001; Rost et al., 2004 ) revealed a potential transmembrane domain (TMD) embedded within the SIMPLE C-rich domain (Fig. 2B ), which distinguishes it from known RING finger, FYVE and other zinc finger domains. Together, these results argue against the possibility of the SIMPLE Fig. 1 . SIMPLE is widely expressed in several tissues and is highly expressed in the peripheral nerves and Schwann cells. (A,B) Equal amounts of total proteins (100 mg protein/lane) from the indicated mouse tissues (A) or primary Schwann cells and cortical neurons (B) were subjected to immunoblot analysis with anti-SIMPLE and anti-b-actin antibodies. (C) Primary Schwann cells immunostained with antibodies against S-100 or SIMPLE. Nuclei are visualized using DAPI stain. Scale bars: 10 mm.
C-rich domain being a RING finger domain with E3 ligase activity.
To determine whether endogenous SIMPLE is associated with the membrane, post-nuclear supernatant of HeLa cells was separated into cytosol and membrane fractions and subjected to immunoblot analysis. SIMPLE was found exclusively in the membrane fraction, as confirmed by co-fractionation with the integral membrane protein marker LAMP2, but not with the cytosolic protein STAM1 (Fig. 2C ). By contrast, the palmitoylated protein SNAP-25 was partitioned into both cytosol and membrane fractions ( Fig. 2F ), consistent with previous reports (Vogel and Roche, 1999; Li et al., 2001) .
To investigate the nature of SIMPLE association with the membrane, the membrane fraction was extracted with 1.5 M NaCl, 0.1 M Na 2 CO 3 (pH 11.5), 4 M urea, and 1% Triton X-100 (TX-100). We found that SIMPLE was resistant to extraction by high salt, high pH and urea, but was readily extracted when membranes were solubilized by the non-ionic detergent TX-100 ( Fig. 2D ). The SIMPLE extraction profile is similar to that of integral membrane proteins such as LAMP2 ( Fig. 2D ), suggesting that SIMPLE is not peripherally associated with the membrane. We also compared the extraction profile of SIMPLE with that of lipid-anchored proteins such as SNAP-25 ( Fig. 2E ) and the glycophosphatidylinositol (GPI)-anchored protein Thy-1 Fig. 2 . SIMPLE is a transmembrane protein that requires its cysteine-rich (C-rich) domain for membrane association. (A) Sequence alignment of the SIMPLE C-rich domain with known RING finger domains and other C-rich domains. Residues implicated in zinc binding are highlighted in red, and two unaligned SIMPLE cysteine residues are colored in blue. (B) SIMPLE is predicted to be a single-spanning integral membrane protein. Cysteine residues are highlighted in red and residues mutated in CMT1C are highlighted in blue. Hydropathy plot (TMpred) indicates the presence of transmembrane domain (TMD) within the SIMPLE C-rich domain. (C) Post-nuclear supernatant (T) from HeLa cells was separated into cytosol (C) and membrane (M) fractions. Aliquots representing an equal percentage of each fraction were subjected to immunoblot analysis with antibodies against SIMPLE, STAM1 and LAMP2. (D,E) Membrane fractions from HeLa cells (D) or SH-SY5Y cells (E) were subjected to extraction by 1.5 M NaCl, 0.1 M Na 2 CO 3 (pH 11.5), 4 M urea or 1% Triton X-100 (TX-100) and were then separated into supernatant (S) and pellet (P) fractions. Aliquots representing an equal percentage of each fraction were analyzed by immunoblotting with antibodies against SIMPLE, LAMP2 (D), SNAP-25 (E) and b-actin. (F) The membrane association of SIMPLE is palmitoylation independent. Post-nuclear supernatants of SH-SY5Y cells treated with 100 mM 2-bromohexadeconic acid (2-BA) or the vehicle control (CTRL) were separated into cytosol (C) and membrane (M) fractions. Aliquots representing an equal percentage of each fraction were subjected to immunoblot analysis with antibodies against SIMPLE, SNAP-25 and LAMP2. (G) Domain structures of SIMPLE and its deletion mutants (left). Post-nuclear supernatants (T) of HeLa cells expressing GFP-tagged SIMPLE, SIMPLEDP, SIMPLEDC or GFP were separated into cytosol (C) and membrane (M) fractions (right). Aliquots representing an equal percentage of each fraction were analyzed by immunoblotting with antibodies against GFP, SIMPLE and DJ-1.
(supplementary material Fig. S2A ). We found that, similarly to SIMPLE, SNAP-25 and Thy-1 were resistant to extraction by high salt, high pH and urea, as reported previously (Lu et al., 1994; Seaton et al., 2000; Li et al., 2001) . However, unlike SIMPLE, Thy-1 and a pool of SNAP-25 were resistant to extraction by TX-100 ( Fig. 2E ; supplementary material Fig.  S2A ) because of their localization to lipid rafts (Turner and Shotton, 1989; Chamberlain et al., 2001) .
Sequence analyses revealed that SIMPLE does not contain the consensus sequence for N-myristoylation (MGxxxS/T), prenylation (CAAx) or GPI-anchor attachment (Eisenhaber et al., 1999; Sorek et al., 2009) . Consistent with these predictions, we found that addition of a Myc tag to the Nterminus of SIMPLE, a manipulation which is known to disrupt the N-myristoylation of proteins (Santonico et al., 2010) , had no effect on the membrane association of SIMPLE ( Fig. 4A ), arguing against the involvement of N-myristoylation in anchoring SIMPLE to the membrane. Similarly, addition of a Myc tag to the C-terminus of SIMPLE, a manipulation that interferes with prenylation of proteins (Yamashita et al., 2009) , had no effect on the membrane association of SIMPLE (supplementary material Fig. S2B ), thus excluding the involvement of prenylation in the membrane attachment of SIMPLE. The detection of the C-terminal Myc-tagged SIMPLE in the membrane fraction by anti-Myc antibody (supplementary material Fig. S2B ) indicated that SIMPLE did not undergo Cterminal cleavage associated with GPI-anchor attachment (White et al., 2000) , thereby also arguing against the involvement of GPI-anchor attachment in the membrane association of SIMPLE. Finally, although sequence analysis identified four cysteine residues of SIMPLE (residues 95, 96, 131, and 132) as potential palmitoylated sites, analysis with the palmitoylation inhibitor 2-bromohexadeconic acid (2-BA) revealed that, unlike palmitoylated protein SNAP-25 which translocated to the cytosol after 2-BA treatment, SIMPLE remained exclusively in the membrane fraction ( Fig. 2F ), indicating that SIMPLE associates with the membrane by a palmitoylation-independent mechanism. Together, these results suggest that SIMPLE is an integral membrane protein rather than a lipid-anchored protein.
Because sequence analyses predicted a TMD within the C-rich domain of SIMPLE ( Fig. 2B ), we performed deletion analysis to determine whether this C-rich domain is required for membrane association of SIMPLE. We generated two SIMPLE deletion mutants: SIMPLEDP, which lacks the proline-rich region, and SIMPLEDC, which lacks the C-rich domain (Fig. 2G ). Membrane fractionation analysis revealed that, similarly to endogenous SIMPLE, GFP-tagged full-length SIMPLE and SIMPLEDP mutant were present exclusively in the membrane fraction ( Fig 2G) . The membrane association of SIMPLE was disrupted by deletion of the C-rich domain, because GFP-tagged SIMPLEDC mutant was found exclusively in the cytosol fraction similarly to GFP and the cytosolic protein DJ-1 ( Fig. 2G ). These results indicate that the C-rich domain of SIMPLE contains a membrane-anchoring region. Sequence analysis revealed that SIMPLE does not contain an ER-targeting signal sequence (Bendtsen et al., 2004) . Moreover, the predicted TMD is localized near the C-terminus of SIMPLE (Fig. 2B ). These characteristics suggest that SIMPLE is likely to undergo posttranslational insertion as a C-tail-anchored membrane protein (Borgese et al., 2007; Borgese and Fasana, 2011) .
Endogenous SIMPLE is localized to early endosome but not late endosome and lysosome
The subcellular localization of endogenous SIMPLE is poorly characterized. Although a previous study reported the presence of SIMPLE in the late endosome and lysosome, the SIMPLE immunostaining at the late endosome and lysosome may be nonspecific because it used an anti-SIMPLE antibody that also recognized a non-specific band at the size of ,100 kDa on the immunoblot (Moriwaki et al., 2001) . Furthermore, this previous study only examined the colocalization of SIMPLE with the late endosome and lysosome markers, but not colocalization with markers for other organelles. To clarify the subcellular localization of endogenous SIMPLE, we took advantage of our highly specific anti-SIMPLE antibody and performed doublelabeling immunofluorescence confocal microscopic analysis to compare the intracellular distribution of endogenous SIMPLE with various organelle markers in HeLa cells. We found that endogenous SIMPLE exhibited substantial colocalization with the early endosome antigen 1 (EEA1) ( Fig. 3 ) and Rab5 (supplementary material Fig. S3A ), both of which are widely used markers for the early endosome (Li et al., 2002; Kirk et al., 2006) . By contrast, there was very little colocalization of endogenous SIMPLE with the late endosome and lysosome marker LAMP2, the endoplasmic reticulum (ER) marker KDEL, or the Golgi marker GM130 (Fig. 3 ). The early endosomal localization of SIMPLE was further confirmed by the observation (supplementary material Fig. S3A ) that a large population of SIMPLE was accumulated at the enlarged early endosomes induced by Rab5 Q79L, a constitutively active mutant of Rab5 (Ceresa et al., 2001) . Together, these results indicate that SIMPLE is predominantly localized to early endosomes, but not the late endosome, lysosome, ER or Golgi.
CMT1C-associated mutations cause mislocalization of SIMPLE from the early endosomal membrane to the cytosol Our findings that all eight CMT1C-associated mutations identified so far are clustered within or around the TMD of SIMPLE ( Fig. 2B ) prompted us to investigate the effects of CMT1C-associated mutations on the membrane association and subcellular localization of SIMPLE. We focused on two representative CMT1C-associated SIMPLE mutations: W116G, which locates in the middle of a cluster of five mutations (A111G, G112S, T115N, W116G, and L122V) flanking the Nterminus of the TMD, and P135T, which is one of the two mutations (P135S and P135T) at the C-terminus of the TMD (Fig. 2B ). Subcellular fractionation analysis revealed that, unlike endogenous SIMPLE and Myc-tagged SIMPLE WT, which were exclusively present in the membrane fraction, substantial amounts of SIMPLE W116G and P135T mutants were found in the cytosol fraction ( Fig. 4A,B) . Accordingly, the amounts of SIMPLE W116G and P135T mutants in the membrane fraction were significantly less than that of SIMPLE WT (Fig. 4A,C) . We found that the membrane-associated SIMPLE W116G and P135T mutants, but not SIMPLE WT, were partially extracted by 0.1 M Na 2 CO 3 (supplementary material Fig. S4A ) and 4 M urea (data not shown), indicating that a subpopulation of SIMPLE W116G and P135T mutant proteins are peripherally associated with the membrane. Together, these data indicate that CMT1C-associated mutations cause a partial dislocation of SIMPLE from the membrane to the cytosol.
A potential mechanism for dislocating SIMPLE W116G and P135T mutant proteins from the membrane to the cytosol is via the AAA-ATPase-p97/VCP-dependent dislocation to the cytosol for ER-associated degradation (ERAD) (DeLaBarre et al., 2006) . To address this possibility, we used p97/VCP H317A, a dominantnegative mutant that strongly inhibits p97/VCP-dependent dislocation and degradation of ERAD substrates (DeLaBarre et al., 2006) . We found that, although co-expression of p97/VCP H317A increased the steady-state level of the ERAD substrate NHK, it did not affect the steady-state levels of SIMPLE W116G and P135T mutant proteins (supplementary material Fig. S4B,C) . These results argue against the possibility that SIMPLE mutant proteins are ERAD substrates and suggest that p97/VCPdependent dislocation is not involved in the detachment of SIMPLE mutant proteins from the membrane.
Immunofluorescence confocal microscopic analysis revealed that SIMPLE W116G and P135T mutants showed significant reductions in localization to Rab5-positive early endosomes compared with that of SIMPLE WT (Fig. 4D,E) , consistent with the subcellular fractionation results, which showed less SIMPLE W116G and P135T mutants than SIMPLE WT in the membrane fraction ( Fig. 4A,C) . We also performed immunostaining experiments to address the possibility that SIMPLE mutants may be mislocalized to other membrane compartments. The results showed that, unlike other mutant membrane proteins such as CFTR (cystic fibrosis transmembrane conductance regulator) DF508 mutant (Lukacs et al., 1994) , SIMPLE W116G and P135T mutant proteins were not retained at the ER (supplementary material Fig. S4D ), nor were they mislocalized to LAMP2positive late endosome and lysosome (supplementary material Fig. S4E ).
We then performed density gradient fractionation experiments to further assess the effects of CMT1C-associated mutations on the subcellular localization of SIMPLE ( Fig. 4F-I) . As reported previously Li et al., 2002) , peripherally associated endosomal membrane proteins Rab5 and EEA1 fractionated into a membrane-bound pool (fractions 21-23) and a soluble pool (fractions 1-9) on the Optiprep gradient ( Fig. 4F -H). We found that SIMPLE WT co-fractionated exclusively with the early endosomal membrane-associated Rab5 and EEA1 (fractions 21-23) ( Fig. 4F,I) . By contrast, SIMPLE W116G and P135T mutant proteins co-fractionated with both the early endosomal membrane-associated pool (fractions 21-23) and soluble pool (fractions 1-9) ( Fig. 4G-I ). Our analysis revealed no co-fractionation of SIMPLE WT and mutant proteins with LAMP2-positive membranous compartments ( Fig. 4F-H) . These results are consistent with the subcellular fractionation ( Fig. 4A -C) and immunocytochemistry data ( Fig. 4D ,E; supplementary material Fig. S4E ) and provide additional support for the CMT1C mutation-induced mislocalization of SIMPLE from the early endosome membrane to the cytosol.
CMT1C-associated mutations cause SIMPLE protein to be unstable
To determine whether CMT1C-associated mutations affect SIMPLE protein stability, we first assessed the steady-state levels of Myc-tagged SIMPLE WT and mutant proteins in HeLa cells. We found that the steady-state levels of SIMPLE W116G and P135T mutants were significantly lower compared with that of SIMPLE WT (Fig. 5A,B ), suggesting that the SIMPLE mutant proteins were less stable than the WT protein. By using the cotransfected GFP as a reporter for transfection efficiency, we confirmed that the reductions in the steady-state protein levels of SIMPLE mutant proteins were not caused by the variability in the transfection efficiency ( Fig. 5A,C) . Moreover, our data indicated that the observed differences in the SIMPLE WT and mutant protein levels ( Fig. 5A-C) were not due to the inability of the anti-SIMPLE antibody to detect aggregated forms of SIMPLE proteins, as this antibody was able to recognize cross-linked, oligomeric and aggregated species of SIMPLE proteins (data not shown).
Next, we performed pulse-chase experiments to examine the turnover of SIMPLE WT and mutant proteins in cells. The results revealed that SIMPLE W116G and P135T mutants were degraded significantly more than that of SIMPLE WT at 1, 2, and 4 hours (Fig. 5D,E) . We found the half-life of SIMPLE WT was ,2 hours, whereas the half-life was reduced to ,1.3 hours for the SIMPLE W116G mutant and ,0.9 hours for the SIMPLE P135T mutant (Fig. 5E ). Together, these results indicate that CMT1C-associated mutations destabilize SIMPLE protein in cells.
CMT1C-associated SIMPLE mutant proteins are prone to aggregation
Our finding of CMT1C mutation-induced mislocalization of SIMPLE protein from the membrane to the cytosol (Fig. 4) raised the possibility that detachment of SIMPLE mutants from the membrane might liberate hydrophobic sequences and thus promote SIMPLE protein misfolding and aggregation. To examine this possibility, we performed detergent-insolubility assays (Johnston et al., 2002; Ross and Poirier, 2005) to assess the effects of CMT1C mutations on SIMPLE protein aggregation. The results showed that, under the normal cell culture conditions, SIMPLE WT and mutant proteins were predominantly found in the detergent-soluble fraction (Fig. 6A ). However, upon proteasome inhibition, the amount of SIMPLE W116G and P135T mutants in the detergent-insoluble fraction was significantly greater than that of SIMPLE WT (Fig. 6A,B) , indicating that CMT1C-associated mutations promote the accumulation of SIMPLE in detergent-insoluble aggregates.
Misfolded proteins can form detergent-insoluble large aggregates or detergent-soluble small aggregates composed of misfolded protein oligomers (Ross and Poirier, 2005; Olzmann et al., 2008; Kubota, 2009 ). The apparent lack of detectable amounts of detergent-insoluble, SIMPLE mutant protein aggregates under normal conditions (Fig. 6A ) prompted us to investigate whether SIMPLE mutant proteins aggregate into detergent-soluble, oligomeric species. To capture SIMPLE oligomeric species, we performed chemical cross-linking experiments with the cross-linker dithiobis(succinimidylpropionate) (DSP). We found that treatment of cells expressing SIMPLE WT with DSP resulted in the appearance of two SIMPLE-immunoreactive bands at ,95 kDa and ,160 kDa, both of which might represent the cross-linked protein complexes formed between SIMPLE and its yet-to-beidentified interacting partners (Fig. 6C ). The levels of these two SIMPLE protein complexes were differentially affected by the W116G and P135T mutations ( Fig. 6C ), suggesting that CMT1Cassociated mutations alter SIMPLE protein-protein interactions. In addition, cross-linking analysis revealed that both the W116G and P135T mutations caused a shift from the SIMPLE monomer to the higher molecular weight SIMPLE-immunoreactive protein smears, which probably represent mutant SIMPLE oligomeric species (Fig. 6C ). Together, these results indicate that CMT1C-associated SIMPLE mutant proteins are more prone to aggregation compared with the SIMPLE WT protein.
CMT1C-associated mutations promote the formation of SIMPLE-positive aggresomes
Next, we performed immunofluorescence confocal microscopic analysis to examine the nature of SIMPLE mutant protein aggregation in cells. We found that, under normal cell culture conditions, SIMPLE W116G and P135T mutant proteins did not form microscopically visible aggregates in cells (Fig. 7A,B) , which is consistent with the detergent-insolubility data (Fig. 6A,B) . Although the SIMPLE mutant oligomers formed under normal conditions (Fig. 6C) were microscopically undetectable, treatment of HEK293 cells (Fig. 7A,B ) and primary Schwann cells (supplementary material Fig. S5D ) with proteasome inhibitor MG132 caused SIMPLE W116G and P135T mutant proteins to accumulate in microscopically visible, perinuclear inclusion bodies that spatially and morphologically resemble aggresomes (Kopito, 2000; Olzmann et al., 2007; Olzmann et al., 2008) . Further analyses confirmed that the mutant SIMPLE-positive inclusion bodies are bona fide aggresomes, because they were enriched with ubiquitin and Hsp70 and encaged by vimentin (supplementary material Fig.  S5A,B) and their formation was blocked by the microtubuledepolymerizing drug nocodazole (supplementary material Fig.  S6A,B ). Quantitative analysis revealed that the percentage of cells containing SIMPLE W116G or SIMPLE P135T mutant-positive aggresomes upon proteasome inhibition was significantly greater than that of SIMPLE WT (Fig. 7B) , indicating that CMT1Cassociated mutations promote the formation of SIMPLE-positive aggresomes.
Increasing evidence suggests that aggresome formation serves as a mechanism for concentrating misfolded and aggregated proteins for subsequent clearance by autophagy (Fortun et al., 2003; Taylor et al., 2003; Chin et al., 2010) . Autophagy is a bulk degradation process that involves the formation of a double-membrane structure called an autophagosome to engulf its cytoplasmic substrates, and the subsequent fusion of the autophagosome with the lysosome for the degradation of the substrates by lysosomal hydrolases (Mehrpour et al., 2010) . Our immunofluorescence confocal microscopy analysis revealed that mutant SIMPLE-positive aggresomes were tightly encircled by the autophagosome marker LC3 (Fig. 7C, supplementary material Fig. S5C ). Moreover, mutant SIMPLE-positive aggresomes were often found to be surrounded by the late endosome and lysosome marker LAMP2 (Fig. 7C, supplementary material Fig. S5C ). These results suggest that SIMPLE mutant-containing aggresomes are substrates of autophagy.
CMT1C-associated SIMPLE mutant proteins are degraded by both the proteasome and autophagy pathways
To determine the degradation pathway responsible for the clearance of WT and mutant SIMPLE proteins, we assessed the effects of proteasome, lysosome and autophagy inhibition on the steady-state levels of Myc-tagged WT and mutant SIMPLE proteins in stably transfected HEK293 cells. We found that SIMPLE WT protein level was significantly increased by treatment with the lysosome inhibitors chloroquine (CQ) and ammonium chloride (NH 4 Cl), but it was not affected by treatment with proteasome inhibitor MG132, autophagy inhibitor 3-methyladenine (3-MA) (Fig. 8A,D) or autophagy activator rapamycin (supplementary material Fig. S7A ). In addition, immunostaining analysis showed that, although endogenous SIMPLE could not be detected in the LAMP2positive late endosome and lysosome under normal conditions, a significant amount of SIMPLE protein was found in the late endosome and lysosome upon lysosome inhibition, indicating that SIMPLE is transiently present in the lysosome before its degradation (supplementary material Fig. S3B ). Together, these results suggest that SIMPLE WT protein, similarly to many integral membrane proteins, mainly relies on the endosome-tolysosome sorting pathway for its degradation (Babst, 2004; Luzio et al., 2009) . By contrast, we found that the protein levels of SIMPLE W116G and P135T mutants were significantly increased upon proteasome inhibition by MG132, autophagy inhibition by 3-MA or lysosome inhibition by CQ or NH 4 Cl (Fig. 8B,C,E,F) . Conversely, SIMPLE mutant protein levels were significantly reduced by treatment with the autophagy activator rapamycin (supplementary material Fig. S7B,C) . These data support the involvement of both the proteasome and autophagy pathways in selective clearance of CMT1C-associated SIMPLE mutant proteins.
Discussion
The identification of mutations in SIMPLE as the cause of demyelinating CMT1C underscores the importance of understanding the cellular function of this protein and the pathogenic mechanisms of its mutations. To elucidate the role of SIMPLE in normal physiology and in CMT pathogenesis, we generated a highly specific anti-SIMPLE antibody and characterized the expression and subcellular localization of endogenous SIMPLE protein by western blot analysis and immunocytochemistry. Our results showed that SIMPLE protein is highly expressed in peripheral nerves and Schwann cells, suggesting that SIMPLE participates in Schwann cell function and/or peripheral nerve function. Our finding that SIMPLE protein levels are considerably lower in the brain and muscle compared with peripheral nerves helps to explain why the primary defect caused by SIMPLE mutations is peripheral neuropathy rather than central nervous system dysfunction or muscular atrophy.
Our immunolocalization analyses with the highly specific anti-SIMPLE antibody revealed that, under normal physiological conditions, endogenous SIMPLE is predominantly localized to the early endosome but not the late endosome, lysosome, ER or Golgi. This result differs from the reported presence of SIMPLE at the late endosome and lysosome in a previous study which used an anti-SIMPLE antibody that also recognized a nonspecific protein at ,100 kDa (Moriwaki et al., 2001) . Our data clearly indicated that SIMPLE is not a resident protein of the lysosome and late endosome (Moriwaki et al., 2001) . Instead, SIMPLE is a substrate protein for degradation by the lysosome, as we can only detect the presence of SIMPLE in the lysosome and late endosome upon lysosome inhibition. Our finding that SIMPLE is an early endosomal membrane protein is consistent with the reported interaction of SIMPLE with the endosomal sorting complex required for transport (ESCRT) subunit TSG101 (Shirk et al., 2005) and suggests that SIMPLE regulates protein sorting at the early endosome.
Our results strongly argue against the hypothesis that the SIMPLE C-rich domain is a RING finger domain with E3 ligase activity (Moriwaki et al., 2001; Saifi et al., 2005) . We identified a TMD embedded within the SIMPLE C-rich domain and showed that SIMPLE is a membrane protein that requires the C-rich domain for its membrane association. Our results indicate that SIMPLE is an integral membrane protein rather than a lipidanchored protein. The lack of an ER-targeting signal sequence and the location of the TMD close to the C-terminus of SIMPLE suggest that SIMPLE is likely to undergo post-translational insertion as a C-tail-anchored membrane protein (Borgese et al., 2007; Borgese and Fasana, 2011) .
Our study is the first to examine the pathogenic effects of CMT1C-associated SIMPLE mutations. We found that CMT1Cassociated SIMPLE W116G and P135T mutations cause dislocation of SIMPLE protein from the membrane to the cytosol. Interestingly, only a fraction of SIMPLE W116G and P135T mutant proteins is mislocalized to the cytosol, and a substantial amount of the mutant proteins remains attached to the membrane. Although our extraction analysis revealed that a subpopulation of the membrane-associated SIMPLE mutant proteins are peripherally attached to the membrane rather than being inserted as integral membrane proteins, the peripheral membrane association could not fully account for the observed partial dislocation of SIMPLE mutant proteins from the membrane to the cytosol. Moreover, we found that, unlike other mutant membrane proteins such as CFTR DF508 mutant (Lukacs et al., 1994) , SIMPLE W116G and P135T mutant proteins were not retained at the ER or subjected to p97/VCPdependent dislocation to the cytosol and ERAD. These results are consistent with the prediction that SIMPLE is a posttranslationally inserted, C-tail-anchored membrane protein rather than a co-translationally inserted transmembrane protein (Borgese et al., 2007; Borgese and Fasana, 2011) .
Although the molecular mechanisms underlying the posttranslational insertion of C-tail-anchored membrane proteins remain poorly understood, it is clear that the C-terminal TMD constitutes the only membrane-targeting sequence (Borgese et al., 2007; Borgese and Fasana, 2011) . Our findings that SIMPLE W116G and P135T mutant proteins are partially dissociated from the membrane is consistent with previous studies showing that mutations of Trp or Pro residue at the periphery of TMDs could cause a partial rather than a complete defect in membrane insertion (Hessa et al., 2005b; Hessa et al., 2005a) . Our results, together with the fact that all CMT1C-associated mutations identified so far are clustered within or around the TMD of SIMPLE, suggest that impairment in the membrane insertion of SIMPLE protein could be a fundamental pathogenic event in CMT1C peripheral neuropathy.
CMT1C mutation-induced dislocation of SIMPLE protein from the membrane to the cytosol could cause peripheral neuropathy by at least two different mechanisms that are not mutually exclusive. First, mutation-induced mislocalization away from the early endosomal membrane would remove SIMPLE protein from its site of action, thereby contributing to CMT pathogenesis by a lossof-function mechanism (Kim et al., 2002; Lupo et al., 2009; Roberts et al., 2010) . Although the cellular function of SIMPLE is unknown, it has been proposed that SIMPLE might participate in protein sorting at the early endosome (Shirk et al., 2005) . Loss of endosomal function of SIMPLE triggered by CMT1C mutations might cause deregulated trafficking of myelin proteins and/or other membrane proteins, resulting in Schwann cell dysfunction and demyelination. Second, mutation-induced detachment of SIMPLE protein from the membrane would expose its hydrophobic sequences and promote SIMPLE protein misfolding and aggregation, thereby contributing to CMT pathogenesis through a toxic gain-of-function mechanism. Protein misfolding and aggregation caused by genetic mutations or other factors has been shown to underlie the pathogenesis of many neurological diseases, including Parkinson disease and Alzheimer disease (Selkoe, 2004) . Our findings that CMT1C mutations cause SIMPLE protein misfolding and aggregation, together with previous reports linking misfolded peripheral myelin protein 22 (PMP22) and myelin protein zero (MPZ) to other subtypes of demyelinating CMT (Shames et al., 2003; Myers et al., 2008; Mandich et al., 2009 ), suggest protein misfolding as a common cause of demyelinating peripheral neuropathies.
Understanding how cells handle and dispose of CMT-linked misfolded proteins are important because it might provide insights into strategies for combating the disease. Our study showed that CMT1C-associated SIMPLE mutant proteins, but not SIMPLE WT protein, are unstable and degraded by the proteasome. These results suggest that targeting the proteasome pathway might have therapeutic value in treating demyelinating CMT. However, the proteasome is capable of eliminating only the soluble, monomeric form of misfolded proteins, but is ineffective in degrading oligomeric and aggregated forms of misfolded proteins (Pickart and Cohen, 2004; Olzmann et al., 2008) . Moreover, the proteasome function can even be directly inhibited by misfolded protein oligomers and aggregates (Kubota, 2009) . Thus, targeting the proteasome alone might not be sufficient for halting CMT pathogenesis. Recently, impairment in proteasome function was found in a neuropathic mouse model expressing a CMT1A-linked PMP22 mutant protein (Fortun et al., 2005) . In addition, the proteasome inhibitor bortezomib prescribed as a chemotherapeutic agent has been shown to cause dysfunction of the myelin sheath (Filosto et al., 2007) and peripheral neuropathy in human patients (Hamilton et al., 2005; Filosto et al., 2007) . Together, these findings support a link between proteasome dysfunction and the pathogenesis of CMT demyelinating neuropathy.
The aggresome-autophagy pathway has emerged as a key cellular defense system against toxic build-up of misfolded proteins, particularly under the conditions of proteasome impairment (Fortun et al., 2003; Olzmann et al., 2007; Olzmann et al., 2008; Janen et al., 2010) . Our finding of the selective targeting of misfolded SIMPLE mutant proteins to aggresomes upon proteasome inhibition supports the possibility that aggresome formation is a cytoprotective response serving to sequester potentially toxic misfolded proteins (Kopito, 2000; Olzmann et al., 2008) . Consistent with recent reports suggesting the aggresomes as a staging area for the disposal of misfolded proteins by autophagy (Taylor et al., 2003; Olzmann et al., 2007) , we found that SIMPLE mutant-containing aggresomes stained with the autophagosome marker LC3 and were tightly encircled by lysosomes. Moreover, the steady-state levels of SIMPLE mutants were significantly reduced by the autophagy activator rapamycin and were increased by the autophagy inhibitor 3-MA, or lysosome inhibitors CQ or NH 4 Cl. Together, our data support the involvement of the aggresome-autophagy pathway in the degradation of SIMPLE mutant proteins. Interestingly, aggresomes were also found in Schwann cells expressing misfolded PMP22 mutant proteins (Ryan et al., 2002; Fortun et al., 2006) and pharmacological activation of autophagy by rapamycin was shown to improve myelination in PMP22 mutant mice (Rangaraju et al., 2010) . Thus, augmentation of the aggresome-autophagy pathway might be a viable therapeutic strategy for treating a number of demyelinating neuropathies.
Materials and Methods
Plasmids and antibodies
Conventional molecular biological techniques were used to generate expression vectors encoding N-terminal GST-, Myc-or GFP-tagged human SIMPLE WT (GenBank accession number NM_004862), W116G and P135T mutants, and SIMPLEDP (residues 96-161) and SIMPLEDC (residues 1-95) deletion mutants. The SIMPLE-targeting shRNA construct (NM_004862.1-397s1c1, Sigma) and the non-targeting shRNA control construct (SHC001, Sigma) were obtained commercially. A rabbit polyclonal anti-SIMPLE antibody was generated against a synthetic peptide corresponding to amino acid residues 50-64 of SIMPLE and affinity-purified as described previously (Chin et al., 2000) . Other antibodies used in this study include anti-b-actin (C4, Sigma), anti-S-100 (S2644, Sigma), anti-DJ-1 (P7F), anti-LAMP2 (Iowa Developmental Studies Hybridoma Bank), anti-SNAP-25 (SMI81, Sternberger Monoclonals), anti-Thy-1 (AbD Serotec), anti-GFP (B2, Santa Cruz), anti-EEA1 (BD Transduction), anti-KDEL (Stressgen), anti-GM130 (BD Biosciences), anti-Rab5 (Sigma), anti-Myc (9E10), anti-Hsc70/Hsp70 (Stressgen), anti-ubiquitin (FL76, Santa Cruz), anti-vimentin (Sigma) and anti-LC3 (Sigma). All secondary antibodies were purchased from Jackson ImmunoResearch Laboratories.
Cell culture and transfection
Primary Schwann cells were isolated from 3-month-old mice and cultured using established protocols (Pannunzio et al., 2005; Haastert et al., 2007) . Primary cortical neuronal cultures were prepared from postnatal 0.5 day (P0.5) mice as described previously (Chen et al., 2010) . All transfections were performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Stably transfected HEK293 cells were selected using 1000 mg/ml G418 (Sigma) as described (Hubbers et al., 2007) .
GST-tagged protein purification
Expression of GST-tagged SIMPLE and GST proteins were induced in ArcticExpress competent cells (Agilent Technologies) and purified as described previously .
Immunofluorescence confocal microscopy and quantification of endosomal localization
Cells were fixed in 4% paraformaldehyde and processed for immunofluorescence confocal microscopy as described previously (Olzmann et al., 2007) . Endosomal localization of WT or mutant SIMPLE was quantified as the percentage of SIMPLE immunostaining that was colocalized with Rab5 immunostaining. Colocalization of SIMPLE and Rab5 was quantified as described (Giles et al., 2008; Webber et al., 2008) on unprocessed images of cells double-labeled for Myc-tagged WT or mutant SIMPLE and Rab5. Single cells were selected by manually tracing the cell outlines. The background was subtracted and the percentage of WT or mutant SIMPLE pixels overlapping with the Rab5 pixels was determined as described previously (Giles et al., 2008; Webber et al., 2008) . For each experiment, 30-40 cells per group were randomly selected for analysis, and experiments were repeated at least three times.
Subcellular fractionation and membrane association analysis
Subcellular fractionations of HeLa, HEK293, or SH-SY5Y cells into membrane and cytosol fractions were performed as described (Giles et al., 2009) . For membrane association analysis, membrane fractions were subjected to extraction with 1% Triton X-100 (TX-100), 4 M Urea, 1.5 M NaCl or 0.1 M Na 2 CO 3 (pH 11.5) for 1 hour. Extracts were then subjected to centrifugation at 100,000 g to isolate the soluble and insoluble fractions as described previously . For the inhibition of palmitoylation, SH-SY5Y cells were incubated for 24 hours at 37˚C with of 2-bromohexadeconic acid (100 mM, Sigma) or vehicle (0.1% DMSO) as described (Chaudhury et al., 2009 ). The level of WT or mutant SIMPLE in each fraction relative to the total level in the post-nuclear supernatant was quantified by measuring the intensity of the SIMPLE band from the immunoblot image using the Scion image software as described previously (Giles et al., 2008) . For density gradient fractionation analysis, post-nuclear supernatants were placed on a 10-30% linear Optiprep (Sigma) gradient and centrifuged for 20 hours at 125,000 g in a SW41 rotor (Beckman Coulter) as described previously Li et al., 2002) . Following centrifugation, the gradient was harvested into 250 ml fractions using an Auto Densi-Flow gradient harvester (Labconco).
[ 35 S]Methionine pulse-chase analysis
Pulse-chase experiments were performed in stably transfected HEK293 cells expressing Myc-tagged WT or mutant SIMPLE as described previously (Olzmann et al., 2004; Giles et al., 2008) . The protein levels of WT or mutant SIMPLE were quantified by measuring the intensity of the SIMPLE band from the image of the autoradiography films using the Scion image software.
Chemical crosslinking analysis HEK293 cells were incubated for 2 hours on ice with the cross-linker DSP (2 mM, Pierce) or with vehicle (16 PBS) followed by 20 mM Tris-HCl to quench the cross-linking reaction as described previously (Cline and Mori, 2001) . Cells were then lysed with 1% SDS, and an equal amount of total proteins from each lysate were subjected to immunoblot analyses.
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Detergent insolubility assays
Stably transfected HEK293 cells were lysed and centrifuged at 100,000 g for 30 minutes to separate the TX-100-soluble and -insoluble fractions as described previously (Olzmann et al., 2007) . Aliquots representing an equal percentage of each fraction were subjected to immunoblot analyses.
Analysis of aggresome formation
Stably transfected HEK293 cells expressing Myc-tagged WT or mutant SIMPLE were incubated in the presence and absence of 2 mM MG132 for 24 hours and processed for immunofluorescence confocal microscopic analysis of aggresome formation as described (Olzmann et al., 2007) . An aggresome was defined as a single, perinuclear inclusion containing Myc-tagged WT or mutant SIMPLE proteins. For each experiment, 40-80 cells per group were randomly selected and scored for the presence of an aggresome in a blinded manner.
Treatment of cells with proteasome, lysosome and autophagy inhibitors and activators
Stably transfected HEK293 cells expressing WT or mutant SIMPLE were incubated for 24 hours at 37˚C with protease inhibitor MG132 (20 mM, Sigma), lysosome inhibitor NH 4 Cl (50 mM, Sigma), lysosome inhibitor chloroquine (100 mM, Sigma), autophagy inhibitor 3-MA (10 mM, Sigma), autophagy activator rapamycin (100 nM, Sigma) or vehicle (0.1% DMSO) as described previously (Giles et al., 2008) . Cells were then lysed with 1% SDS, and an equal amount of total proteins from each lysate were subjected to immunoblot analyses. The protein levels of WT or mutant SIMPLE were quantified as described (Giles et al., 2008) and then normalized to the corresponding b-Actin levels.
Statistical analysis
All experiments were repeated at least three times. Data were subjected to statistical analyses by ANOVA and appropriate post-hoc tests using SigmaPlot software (Systat Software). A P-value of less than 0.05 was considered statistically significant.
